We revisit for 714 SNeIa the discrepancy between the red-shift associated to the distance modulus µ and the spectroscopic red-shift. Previous work has shown that the total red-shift z might be a combination of the expansion red-shift zC and of a static, blue or red shift zLSV(r), r being the comoving distance. The latter is due to the energy non-conservation of the photon propagating through Electro-Magnetic (EM) background fields (host galaxy, intergalactic and Milky Way), under Lorentz(-Poincaré) Symmetry Violation (LSV), associated to the Standard-Model Extension (SME). The non-conservation stems from the vacuum expectation value of the vector and tensor LSV fields. For zero radiation Ω rad and curvature Ω k densities, and matter density Ωm = 0.28, the SN1a positions in the (µ, z) plan are recovered according to the different strengths, orientations, alignments and space-time dependencies of the EM fields and LSV components. The LSV vacuum energy may be thus tantamount to ΩΛ ≃ 0.7, but unrelated to an accelerated expansion. We present models with red or blue-shifts zLSV, below 10% of z. The ν frequency variation is below 10 −19 ∆ν/ν per m.
Introduction. At the infinitesimal scale, the Standard-Model (SM) unifies three of the four fundamental forces: Electro-Magnetic (EM), weak, and strong interactions. The SM guarantees Lorentz(-Poincaré) Symmetry (LoSy), stating that experimental results are independent of the time, position or velocity of the observer. Despite its remarkable successes, the SM does not incorporate the particles corresponding to a, yet to be experimentally found, dark universe. Indeed, it does not account for the accelerating expansion of the universe * spallicci@cnrs-orleans.fr, http://wwwperso.lpc2e.cnrs.fr/∼spallicci/ -French Chair UERJ and Visiting Professor CBPF.
-Erasmus Professor UNINA. † fabio.ragosta@inaf.it ‡ josehelayel@gmail.com § fuego.templado@gmail.com (dark energy) nor has a viable dark matter particle. Furthermore, the photon is the only free massless particle in the SM, after the attribution of some mass to the neutrino. Thus, a theory going beyond the SM has been put forward: the SM Extension (SME) [1, 2] . The SM is assumed LoSy invariant up to certain energy scales beyond which a LoSy Violation (LSV) might occur. The SME allows testing the low-energy manifestations of the LSV.
Light propagation in the SME. In [3, 4] the foundations of the analysis of light propagation in the SME were laid. Going beyond the SM, we encounter a massive photon, compatible with the actual upper limit [5] of 10 −54 kg, but as pointed out in [6] , this limit arises chiefly from modelling rather than measurements. The effective, and frame dependent, mass is proportional to the value of the LSV parameters and, conversely to the de Broglie [7, 8] -Proca [9] formalism, the SME massive photon is gauge-invariant [3, 4] . Moreover, in specific conditions, sub-and super-luminal velocities, imaginary and com-plex frequencies, birefringence appear, and, evidently in any condition, LSV anisotropy and inhomogeneity are present. The effects of the latter two are not dominant in the regimes we explored. The massive photon group velocity differs from c of a quantity proportional to the inverse of the frequency squared [8] . Incidentally, such dependence has been analysed recently with the signals from Fast Radio Bursts (FRBs) [10] [11] [12] [13] [14] [15] . Most remarkably, the energy-momentum tensor of a light-wave is not conserved in vacuum when light crosses an EM background field [4] .
Non-conservation occurs also when the EM background field and the LSV perturbations are independent from space-time coordinates, but interestingly, for a space-time dependent LSV, the presence of an EM field is not necessary [16] . Indeed, the photon exchanges energy with the LSV and EM fields. An estimate of the energy change that light would undergo was given [16] . The wave-particle correspondence, even for a single photon [17] , leads to consider that the light-wave energy nonconservation is translated into photon energy variation and thereby into a red or a blue shift. The energy variations, if losses, would translate into frequency damping.
The LoSy breaking factors are represented by a k AF α four-vector when the handedness of the Charge conjugation-Parity-Time reversal (CPT) symmetry is odd and by a k ανρσ F tensor when even. The physical reasons inducing non-conservation notwithstanding constant EM background and LSV breaking vector (the breaking tensor appears either under a derivative or coupled to a derivative of the EM background) lie in the Carroll-Field-Jackiw action [18] for the CPT odd handedness. The action contains a contribution such that even if the EM background (and the LSV perturbation) is constant, the corresponding four-potential is not. Thereby, there is an explicit x α coordinate dependence at the level of the Lagrangian. This determines a source of energymomentum non-conservation, according to the Noether theorem. Otherwise put, there is an exchange of energymomentum between the photon and the EM background.
The LSV frequency shift. For f αν representing the photon field, a ν the four-potential, F αν the EM background field, j ν an external current and the symbol * the dual field, the energy-momentum density flux θ α 0 variation is given by [4] 
The dimensions are Jm −4 . In absence of an external current and of a large scale electric field, but considering only the constant components of the galactic and intergalactic magnetic fields, and finally neglecting at optical frequencies the contribution of k αiκλ F , an estimate was given through a simplified expression along the line of I: LSV shift types. In the first, the frequency variation is proportional to the instantaneous frequency and to the distance; in the second to the emitted frequency and the distance; in the third only to the distance (we don't consider a fourth option proportional to the observed frequency and the distance). k 1,2 have the dimensions of Mpc −1 , k 3 of Mpc −1 s −1 . The positiveness of the distance r constraints z LSV/1 > −1 for k 1 < 0, and −1 < z LSV/1 < 0 for k 1 > 0.
The * F 0i represents the magnetic components of the dual EM background tensor field, f i0 the electric components of the EM photon tensor field, and k AF 0 is the time component of the breaking vector. Assuming that the energy variation of a light-wave corresponds to a frequency shift for a photon, we converted the energy variation of Eq.
(2) into a ∆ν, being ν the photon frequency.
After some steps, an exact expression for |∆ν| due to LSV was given [16] . Herein, we reproduce it qualitatively
where ̺, is a positive arbitrary safe margin, taking into account that the magnetic fields (of the galaxy of the source, inter-galactic, and the Milky Way) estimated at B = 5 × 10 −10 − 5 × 10 −9 T each, and crossed by light from the source to us in a look-back time t LB , have likely different orientations and partly compensate their effects on the wave electric field f i0 . We have not considered any magnetic field at the source. In the following, we refer to a general z LSV given by all the terms in Eq. (1).
The LSV as vacuum energy. According to [19] , the LoSy breaking four-vector, k AF , and the rank-four tensor, k F , correspond, respectively, to the vacuum condensation of a vector and a tensor field in the context of string models. They describe part of the vacuum structure, which appears in the form of space-time anisotropies. Therefore, their presence at the right-hand side of Eq. (1) reveals that vacuum effects are responsible for the energy variation of light waves, which, in turn, correspond to a photon frequency shift. Otherwise put, vacuum anisotropies are the true responsible for changing the frequency of light emitted by astrophysical structures.
Superposing the shifts. We recall that z = ∆ν/ν o where ∆ν = ν e − ν o is the difference between the observed ν o and emitted ν e frequencies, or else z = ∆λ/λ e for the wavelengths.
We pose the following conjecture. Expansion causes λ e to stretch to λ c , that is λ c = (1 + z C )λ e . The wavelength λ c could be further stretched or shrunk for the LSV shift to λ o = (1 + z LSV )λ c = (1 + z LSV )(1 + z C )λ e . But since λ o = (1 + z)λ e , we have 1 + z = (1 + z C )(1 + z LSV ); thus
The second order is not negligible for larger z C .
Behaviour of the LSV shift with distance. We model the behaviour of z LSV with distances in three different ways, Tab. I. Since z C stems from the universe expansion, we estimate z LSV on the basis of the comoving distance. The k i parameters, proportional to the Lemaître-Hubble-Humason constant H, herein 70 km/s per Mpc, take either positive (frequency increase) or negative (frequency decrease) values.
The LSV frequency shift from the SNIa data. A greater than expected SNIa distance modulus for a given redshift led to consider a cosmological constant or dark energy [20, 21] . Later, suppositions of alternatives theories of gravity, see [22, 23] for reviews, and of photons oscillating into axions producing a dimming effect for SNeIa [24, 25] were made. It must be recalled that SNIa data reliability is still debated [26] [27] [28] [29] [30] [31] [32] . We challenge the meaning of the red-shift uniquely explained by expansion and conceive a complementary point of view.
For appreciating d L , as function of z C , we have computed for for Ω rad = Ω k = Ω Λ = 0
using the Chebyshev polynomial expansion [33] , which coefficients of are linear in Ω m .
We took a set of 714 SNeIa from the Union2 catalogue [34] , devoted to the dark energy search, using data from the Hubble Space Telescope (HST) and combining multiple datasets. The catalogue provides the luminosity distance, d L , here in parsecs, related to the maximum of the light curve in the B-band
where µ is the distance modulus, m and M are the apparent and absolute magnitudes, respectively. The Union2 catalogue provides also the error on µ, the red-shift z of the host galaxy and its error. The comoving distance r, computed from the Lemaître-Friedman-Robertson-Walker metric (FRWL), is given by [35, 36] 
Our iterative computation starts from the cosmological parameters and compares the final simulated s and the observed value of the distance modulus II: Simulation results for Ω rad = Ω k = Ω Λ = 0, Ωm = 0.28. The the error on k i is due to the Hierarchical Bayesian Model (HBM) approach, considering different source of uncertainties to render homogeneous the photometric data of the distance modulus from different datasets in Union 2 catalogue. There is no actual error propagation due to the fact that HBM takes into account the error considering it statistically implemented into the model analysis The intrinsic standard deviation σ for k 1 is 3 × 10 −6 . The simulation results provide a mean z LSV blue-shift for types 1 and 2 and a z LSV red-shift for type 3. where the z LSV shift may be positive or negative. Herein, we have held to the measured µ and z while decomposing the latter in two contributions z c and z LSV . Else, we could have considered the measured µ as the sum of two contributions µ(z C ) and µ(z LSV ) and looking for an agreement with spectroscopic data.
Modelling. For achieving the best fit, we employed a Hierarchical Bayesian Model (HBM) and determined the entire posterior probability density function of the these parameters. We engaged an HBM to retrieve from the distance distribution of the SNeIa all the possible values of k, for each of the three types in Tab. I. We assumed flat priors in the range [−100, 100] to avoid heavy constraints in exploring the domains of the parameters. The Bayesian analysis is very depending upon the choice of the priors, conversely to other kinds, as the Gaussian approaches [27] [28] [29] [30] [31] . The flat priors allow an even probability distribution and thus unbiased estimates.
Unfortunately, the HBM is heavily influenced by the error on the measured values, namely on the distance modulus leading to a statistical non-informative error on the model parameters. From the Gaussian shape of the posterior distribution of k i , it is evinced that a non-zero probability exists for having both positive and negative values of k i , due to the measurement errors. We decided to use HBM due to the multiple origin of the distance modulus estimates and differences in data reduction schemes, thus avoiding the influence of some systematic error in the estimates of the parameters. The HBM improves the precision of the estimates of the model parameters, even though the accuracy is rather coarse.
Results and discussion. Table II provides, for Ω rad = Ω k = Ω Λ = 0 and Ω m = 0.28, the k i values and the associated rms for the three types of k i associated to z LSV . The latter consists of a mean blue-shift for types 1 and 2 and of a red-shift for type 3. Figure 1 shows the interpolating curve well fitting µ and z data, for type 1. Figure 2 shows the distribution of possible values of z LSV for a given z, again for type 1. We have well interpolating µ(z) curves also for types 2 and 3 of z LSV shifts. The rms values of types 1 and 2 are similar, but the frequency variation proportionality to the instantaneous (type 1) rather than emitted (type 2) frequency determines a 'classic' exponential decay or growth.
The absolute value of z LSV increases with the distance. If blue, the drawback is to explain the photon gaining energy travelling from the source to us, which nevertheless may well occur as a net result of the different contributions of the LSV (vector and tensor) and EM fields along the path. The advantage is a clear understanding of why we measure a lower spectroscopic z, as z LSV is subtracted from the real z. If red, the drawback is that z LSV must be comparable or smaller than the observation error [37] [38] [39] . The advantage is the correspondence to an intuitive dissipation effect taking place along the photon path. Remarkably, for Ω m ≥ 0.75, k 1 turns negative and the z LSV becomes a red-shift as in model 3.
The peculiarity of our approach is that a single mech-anism explains all the positions of the SNeIa in the (µ, z) plan, including the outliers. This shift may be red for some SNeIa and blue for others, depending on cosmology parameters, as well as the orientation of the components of the LSV vector or tensor and of the EM fields (host galaxy, intergalactic medium, Milky Way). Evidence of dark energy anisotropy has been shown recently [32] . The LSV vacuum energy appears to act on light propagation and it is equivalent to Ω Λ ≈ 0.7, rather than igniting an accelerated expansion. Numerical applications were outlined [16] . Working them out when considering a SNIa at z = 0.5, t LB = 1.57 × 10 17 s, f i0 = 3.79 × 10 −9 V s m −2 , an average B = 2.75 × 10 −9 T, the proportionality factor in Eq. (3) becomes 5.87 × 10 47 . The parameter k AF 0 has a laboratory upper limit of 10 −10 m −1 but a more stringent, and less favourable for our study, astrophysical upper limit of 5.1 × 10 −28 m −1 . In this worst case, it is sufficient that ̺ ≥ 7.6 × 10 −8 , to get z LSV in the order of 10% of z.
Where Ω m was let free, the constraint Ω = 1 leads obviously to huge values of the matter density, as, incidentally, dark energy emerges at high red-shift.
Perspectives. We have applied to SNeIa a new frequency shift in vacuum occurring to a photon in a LSV scenario, accompanied by an EM field. The experimental and observational limits on LSV and magnetic fields are fully compatible with our findings.
Obviously, the LSV shift is generally applicable and it is not limited to the SNIa case. In future work, leaving aside the SME, we will show that a frequency shift is also produced by a generalised non-linear electromagnetism, encompassing the formulations of Born-Infeld and Euler-Kockel-Heisenberg. The found limits on z LSV will be applicable to z NL for the non-linear electro-magnetism.
The XIX century Maxwellian linear electro-magnetism and Einsteinian non-linear gravitation have been well tested. This has not impeded the proposition of alternative formulations of gravity. The lack of experimental proofs on the dark universe and the successes of general relativity prompt to revisit astrophysical observations, largely based on light signals, with non-Maxwellian electro-magnetism, opening the door to radically new interpretations. In future work, we will show that massive photons may fake time dilation for not-moving sources. Such effect, though, is very marginal for SNeIa.
The z LSV shift is a fraction below 10% of the measured red-shift and thus below 2 × 10 −19 ∆ν/ν per m. It would be desirable to test frequency invariance in vacuum [40] [41] [42] [43] with a ground or space interferometer.
